After intravenous administration, adenovirus (Ad) vectors are predominantly sequestered by the liver. Delineating the mechanisms for Ad accumulation in the liver is crucial for a better understanding of Ad clearance and Ad-associated innate toxicity. To help address these issues, in this study, we used Ad vectors with different fiber shaft lengths and either coxsackievirus-Ad receptor (CAR)-interacting Ad serotype 9 (Ad9) or non-CAR-interacting Ad35 fiber knob domains. We analyzed the kinetics of Ad vector accumulation in the liver, uptake into hepatocytes and Kupffer cells, and induction of cytokine expression and release in response to systemic vector application. Immediately after intravenous injection, all Ad vectors accumulated equally efficiently in the liver; however, only genomes of long-shafted Ads were maintained in the liver tissue over time. We found that Kupffer cell uptake of long-shafted Ads was mediated by the fiber knob domain and was CAR independent. The short-shafted Ads were unable to efficiently interact with hepatocellular receptors and were not taken up by Kupffer cells. Moreover, our studies indicated that Kupffer cells were not the major reservoir for the observed accumulation of Ads (used in this study) in the liver within the first 30 min after virus infusion. The lower level of liver cell transduction by short-shafted Ads correlated with a significantly reduced inflammatory anti-Ad response as well as liver damage induced by the systemic administration of these vectors. This study contributes to a better understanding of the biology of systemically applied Ad and will help in designing safer vectors that can efficiently transduce target tissues.
Most of the studies on the interactions of adenovirus (Ad) vectors with the host upon systemic application have been done with human Ad serotype 5 (Ad5). Following systemic administration, the clearance of Ad5 from the bloodstream and its accumulation in the liver occur within minutes (2, 4, 21) . This phenomenon is thought to be due to the tissue architecture and vascular systems of the liver. Intravenously injected Ad particles reach the liver through the portal vein and contact most hepatocytes only after passing through the liver sinusoids, the walls of which are formed by endothelial cells. Sinusoid endothelial cells have fenestrae of ϳ100 nm. These fenestrae of the sinusoidal lumen allow communication with the space of Disse, which is in direct contact with hepatocytes because of the lack of a continuous basement membrane. Kupffer cells are located on the inside of the sinusoidal wall. The fenestration within the sinusoidal wall allows Ad5 particles (which have an average diameter of 80 nm) to efficiently translocate from the plasma to hepatocytes. Both hepatocytes and Kupffer cells efficiently take up Ad5 particles (2, 19, 21, 34, 51, 52) .
In vitro, Ad5 vectors use a two-step mechanism to infect cells. The first step is a high-affinity interaction between the Ad fiber knob and the coxsackievirus-Ad receptor (CAR) (31) , which requires a flexible, long (22-␤-repeat) fiber shaft (38, 42, 47, 53) . Attachment to CAR is followed by binding of viral penton RGD motifs to cellular integrins, triggering virus internalization (50) . However, in vivo, the interaction of Ad5 with CAR and integrins is unlikely to be the major pathway for Ad infection of liver cells. Several studies have documented that mutations that abolish CAR and integrin interactions are not sufficient to eliminate liver transduction (1, 16, 23, 41, 42) . Recently, a study by Smith et al. showed that a KKTK motif in the Ad5 fiber shaft binds hepatic heparan sulfate proteoglycans (HSPGs), resulting in liver transduction (42) . Furthermore, blood factors appear to bind to the fiber knob domain and mediate uptake through HSPGs (39) .
Interestingly, Ad vectors containing short fiber shafts (lacking the KKTK motif) derived from Ad35 (36, 41) or Ad40 (28) (which possess shafts formed by six or seven ␤ repeats) do not efficiently transduce liver cells; these data indicate that for liver uptake, both the blood factor-mediated pathway and the KKTK motif pathway do not function for short-shafted Ads. Vectors containing both the shaft and the knob of Ad35 have become increasingly popular as gene transfer vectors (9, 25, 30, 32, 36, 40, 48) because they are able to transduce a number of important target tissues that are relatively refractory to Ad5 infection, including human hematopoietic stem cells, dendritic cells, and malignant tumor cells. CD46 was recently identified as a cellular receptor for group B Ads, including Ad35 (8, 35) . In mice, the expression of CD46 is restricted to the testes (12) ; this fact explains why mouse cells, including hepatocytes, cannot be infected with Ad35 fiber-containing vectors in vitro (30, 36, 48) .
Intravenous Ad injection is associated with the production and release of cytokines (such as interleukin 6 [IL-6], IL-10, IL-8, tumor necrosis factor alpha [TNF-␣], and gamma interferon [IFN-␥]) and chemokines (such as MIP-1␣ and MIP-2) (18, 19, 27) within hours after the intravenous injection of Ad5 vectors. These cytokines, in turn, play a major causative role in the pathologic changes (vascular leakage, liver damage, and so forth) associated with intravenous Ad infusion and a role in the induction of an antiviral immune response. Cytokine production and release are thought to be the direct or indirect results of Ad uptake by Kupffer cells and their subsequent activation (18, 19, 27) or lysis (34) . Depletion of Kupffer cells by the administration of gadolinium chloride or the intravenous injection of liposomes encapsulating chlodronate (34) followed by the injection of a low dose of Ad (less than 10 9 PFU per mouse) resulted in decreased serum cytokine levels and increased hepatocyte transduction (15, 43, 51) . The injection of higher vector doses in combination with Kupffer cell depletion caused increased cytokine levels, liver damage, and decreased transgene expression in hepatocytes (15, 19) . These findings indicate that a certain threshold dose of injected Ad can saturate the Kupffer cell capacity for Ad uptake, resulting in the systemic dissemination of Ad particles that can potentially infect other cell types that secrete proinflammatory cytokines; such cell types include nonhepatic (e.g., spleen and lung) macrophages and hepatic endothelial cells (20) , peripheral or infiltrating mononuclear cells (11) , or stellate cells (5) . To this end, studies by Liu et al. (20) have demonstrated that in the absence of Kupffer cells, liver sinusoid endothelial cells are the next cell type to interact directly with Ad vectors through penton RGD motifs.
Understanding the mechanism of and identifying the cell types responsible for Ad clearance and innate toxicity are crucial for the construction of new vectors that are safer and can more efficiently transduce target tissues. In this study, we injected fiber-chimeric Ad vectors intravenously into mice and analyzed the kinetics of Ad vector accumulation in the liver, the efficiency of gene transfer into hepatocytes, the association of the vectors with Kupffer cells, and the expression and release of cytokines that are involved in the induction of an innate immune response.
MATERIALS AND METHODS

Ad vectors.
The following Ad vectors, previously constructed and described in detail and expressing green fluorescent protein (GFP) or ␤-galactosidase reporter genes, were used: Ad5/9L, Ad5/9S, Ad5/35L, and Ad5/35S (38) . Ad5/9L and Ad5/9S possess the Ad9 fiber knob domain and the long Ad5 fiber shaft (Ad5/9L) or the short Ad9 fiber shaft (Ad5/9S). Ad5/35L and Ad5/35S possess the Ad35 fiber knob domain and the long Ad5 fiber shaft (Ad5/35L) or the short Ad35 fiber shaft (Ad5/35S).
For comparative analyses, identical GFP (for Ad5/9 vectors) and ␤-galactosidase (for Ad5/35 vectors) reporter gene expression cassettes were introduced into the E3 region of the Ad genome by homologous recombination in Escherichia coli strain BJ5183 as described earlier (40) . For amplification, all Ads were used to infect 293 cells under conditions that prevented cross-contamination. Viruses were banded in CsCl gradients, dialyzed, and stored in aliquots as described elsewhere (6) . Ad genome titers were determined by quantitative Southern blotting. Virion DNA extracted from purified virus particles for each Ad vector was run on an agarose gel in serial twofold dilutions. As standard DNA of a known concentration (determined spectrophotometrically), we used preparatively purified Ad5 DNA. Standard DNA was applied to the same gel in serial dilutions. After transfer to Hybond Nϩ nylon membranes (Amersham, Piscataway, N.J.), filters were hybridized with a labeled DNA probe (8-kb HindIII fragment, corresponding to the E2 region of the Ad5 genome), and DNA concentrations were measured with a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.) for each virus preparation. These values were used to calculate the genome titer for each virus stock used. For each Ad vector used in this study, at least two independently prepared virus stocks were obtained and characterized by determination of PFU titers on 293 cells (24) and determination of genome titers by Southern blotting (40) . The genome/PFU ratios were comparable for all vectors used in this study.
Each produced virus stock was tested for endotoxin contamination by using Limulus amebocyte lysate Pyrotell (Cape Cod Inc., Falmouth, Mass.). For in vivo experiments, only virus preparations confirmed to be free of endotoxin contamination were used.
Ad infection in vivo. All experimental procedures involving animals were conducted in accordance with the institutional guidelines set forth by the University of Washington. C57BL/6 mice (Charles River, Wilmington, Mass.) were housed in specific-pathogen-free facilities. For analysis of Ad-mediated gene transfer into liver cells, 10 11 Ad particles (corresponding to 5 ϫ 10 9 PFU of Ad5/35L vector, determined on 293 cells) in 200 l of phosphate-buffered saline (PBS) were injected by tail vein infusion. For in vivo transduction studies, mice were sacrificed at 72 h after virus infusion and livers were processed for histological analysis. For analysis of Ad genome accumulation in liver tissue, at 30 min, 6 h, and 24 h after Ad vector administration into the tail vein, the blood was flushed from the liver with a cardiac saline perfusion, the liver was harvested, and total DNA was purified as described earlier (36) .
To analyze Ad association with purified hepatocytes, at 30 min after tail vein vector application, mouse livers were perfused for 15 min with a collagenase solution via a catheter permanently placed into the portal vein (49) . Then, partially disintegrated livers were carefully removed and dispersed in a collagenase-DNase solution to a single-cell suspension. Following two consecutive washes with 40 ml of PBS containing 2% fetal bovine serum and two differential centrifugations (500 x g for 5 min each time), allowing efficient sedimentation of only hepatic parenchymal cells, purified hepatocytes were obtained. Routinely, the purity of hepatic cells obtained by this technique was greater than 90%, according to antialbumin immunochemical staining (data not shown). For further analyses, the purified hepatocytes either were immediately lysed with pronase-sodium dodecyl sulfate buffer for obtaining total cellular DNA or were plated on six-well Primaria plates and cultured for 24 to 48 h. To analyze virus degradation in purified hepatocytes over time, hepatocytes were purified by collagenase perfusion only (see Fig. 4C ). At 24 h after plating, hepatocytes were treated with a collagenase-DNase or trypsin-DNase solution for 15 min at 37°C to remove all extracellular virus, washed with PBS, and lysed with pronasesodium dodecyl sulfate buffer to obtain cellular DNA for subsequent Southern blot analysis. To analyze the efficiency of Ad vector interactions with hepatic cells, livers were perfused for 15 min with 0.25% trypsin-DNase solution prior to collagenase perfusion, and hepatocytes were isolated as described above.
For analysis of reporter gene expression in hepatocytes, at 48 h after purification and plating, photographs of cells were taken under visible light and UV light (for analysis of GFP expression) or cells were fixed and stained in situ for ␤-galactosidase activity as described earlier (38) .
Analysis of Ad-Kupffer cell interactions in vivo.
To analyze Ad interactions with Kupffer cells, the Ad vectors were labeled with the fluorophore Cy-3 (37) . The titers of Cy-3-labeled vectors were confirmed by quantitative Southern blotting. A total of 10 11 particles of fluorophore-labeled Ads were injected into the tail vein; 30 min later, livers were flushed with saline via cardiac perfusion, harvested, and immediately frozen in OCT compound (Sakura Finetec Inc., Torrance, Calif.). Frozen liver sections either remained unstained or were stained with rat anti-mouse F4/80 or CD45 primary antibody (BD Biosciences, Palo Alto, Calif.) to detect Kupffer cells. Specific binding of primary antibodies was visualized with secondary anti-rat Alexa Fluor 488 antibody (green) (Molecular Probes, Inc., Eugene, Oreg.). Cy-3-labeled Ad particles appear red. When gadolinium chloride (GdCl 3 ) was used to deplete mice of Kupffer cells, two doses of the drug were injected into mice at 30 h and 6 h before Ad administration as described earlier (19) .
Southern blot analysis. Isolation of cellular DNA from mouse livers and Southern analysis were performed as described elsewhere (19) . A 32 P-labeled 8-kb HindIII fragment, corresponding to the E2 region of the Ad genome, was used for hybridization to specifically detect Ad genomic DNA in livers and purified hepatocytes.
Electron microscopy analysis. For electron microscopy analysis of virus distribution in liver tissue, 10 11 Ad particles in a total volume of 200 l of PBS were injected into the tail vein. At 30 min after virus application, livers were harvested, fixed with 2% glutaraldehyde in PBS, and subsequently fixed in 1% OsO 4 -phosphate buffer. Then, liver samples were embedded in Medcast (Ted Pella, Redding, Calif.), and ultrathin sections were stained with uranyl acetate and lead citrate. Processed grids were evaluated with a Philips 410 electron microscope operated at 80 kV (magnification, ϫ21,000). At least two mice were injected with each Ad vector, and the intracellular distribution was analyzed by using multiple liver sections.
Analysis of levels of cytokines, chemokines, and aminotransferases in plasma.
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To analyze the levels of proinflammatory cytokines and chemokines in serum, at 30 min, 6 h, and 24 h after intravenous administration of Ad vectors, blood samples were collected in heparin-treated Eppendorf tubes, cells were pelleted for 5 min at 1,000 x g, and plasma was obtained and stored at Ϫ80°C in small aliquots. To analyze the levels of cytokines and chemokines in plasma, a mouse inflammatory cytometric bead array (BD Biosciences) was used. Briefly, 10 l of mouse plasma was diluted five times and mixed with cytometric beads capable of binding mouse TNF-␣, IL-6, monocyte chemoattractant protein 1, IFN-␥, IL12p70, and IL-10. The binding of these proteins was detected with corresponding secondary phycoerythrin-conjugated antibodies and analyzed by flow cytometry along with provided standard proteins. The collected data were processed by using the manufacturer's software. Plasma samples obtained from at least three mice (for each Ad vector) were analyzed in duplicate. To analyze the levels of alanine aminotransferase (ALT), a marker of hepatocellular damage, in plasma, a calorimetric ALT detection protocol and reagents (TECO Diagnostics, Anaheim, Calif.) were used according to the manufacturer's protocol without modifications. ALT levels were measured in triplicate by using plasma samples obtained from at least three mice (per Ad).
RNase protection assay. To analyze the mRNA levels for multiple cytokine and chemokine genes in mouse livers, 10 11 Ad particles were injected into the tail vein; at 30 min, 6 h, and 24 h after virus injection, livers were harvested, and total RNA was extracted by using an RNAqueous-midi kit (Ambion, Inc., Austin, Tex.). Ten g of total liver RNA was hybridized with a mixture of 32 P-labeled RNA probes. The 32 P-labeled RNA probe mixture was prepared by in vitro transcription with an in vitro transcription kit and CK-3 and a custom template set provided by Pharmingen (San Diego, Calif.). The hybridized RNA was treated with RNase by using an RNase protection assay kit (Pharmingen) and precipitated, and the protected fragments were resolved on vertical sequencing (10% acrylamide) gels. Following electrophoresis, the gels were dried and exposed to X-ray film (Kodak-X-Omat) and a PhosphorImager screen. The signals on the screen were analyzed with PhosphorImager software. The RNase protection assay was performed with RNA samples from two to five individual livers (for each virus). At least two independently prepared virus stocks were used for this analysis. Representative pictures are shown.
RESULTS
Immediately after injection, all Ad vectors accumulated with equal efficiencies in the liver, but only genomes of long-shafted Ads are efficiently maintained over time. To delineate the mechanisms involved in Ad accumulation in the mouse liver following intravenous application, we used a set of previously constructed Ad5-based vectors possessing modified fibers ( Fig.  1) (38) . Ad5/9L and Ad5/9S possess the Ad9 knob domain and long (Ad5, 22 ␤ sheets) or short (Ad9, 7 ␤ sheets) fiber shafts, respectively. Ad5/35L and Ad5/35S possess long (Ad5) and short (Ad35) fiber shafts and an Ad35 knob domain. Ad vectors possessing the Ad9 knob domain can infect cells in vitro via interactions with CAR (31, 38) , while Ad35 fiber knobpossessing vectors can infect cells via interactions with CD46 (8). As outlined above, rodent cells in vitro do not express CD46 and are refractory to infection with Ad35 fiber knobpossessing vectors. In vivo, long-shafted Ad35 knob-possessing vectors (Ad5/35L) can infect hepatocytes as efficiently as Ad5 vectors. This infection is presumably mediated by blood factors and uptake through HSPGs and low-density lipoprotein receptor-related protein (39) . Previous data suggested that this pathway cannot be used efficiently by short-shafted vectors, since the accumulation of Ad genomes and transgene expression in hepatocytes for short-shafted Ad5/35S was 1/10 that of Ad5 vectors when measured 72 h after tail vein injection (4, 36) .
To analyze whether the reduced efficiency of transgene expression seen for the short-shafted non-CAR-interacting Ad5/ 35S vector would also be observed for the short-shafted CARinteracting Ad5/9S variant, we administered 10 11 particles of each Ad into the tail vein of C57BL/6 mice. Three days later, mice were sacrificed, livers were fixed in formalin, and serial sections were prepared. The analysis of GFP expression revealed that only long-shafted Ads were able to efficiently transduce hepatocytes and express the transgene by this time, regardless of the type of fiber knob domain ( Fig. 2A) .
To analyze the kinetics of Ad accumulation in the liver at earlier time points, we administered 10 11 particles of each viral vector into the tail vein of C57BL/6 mice. At 30 min, 6 h, and 24 h postinfusion (p.i.), blood was flushed from the liver by cardiac saline perfusion, livers were harvested, and hepatic DNA was subjected to quantitative Southern blot analysis with a probe specific to viral DNA (Fig. 2B) . At 30 min p.i., the amounts of Ad DNA in the liver were comparable for all vectors. However, at 6 h p.i., and more so at 24 h p.i., there was less viral DNA of short-shafted vectors in the liver than of the corresponding long-shafted variants. In agreement with earlier findings (52), the total amount of long-shafted Ad DNA in the liver declined by more than 80% within 24 h p.i. (Fig. 2B ; compare the intensity of the viral bands to that of the standard at 30 min and 24 h). In conclusion, immediately after injection, regardless of the shaft length, viral particles are deposited equally efficiently in the liver. However, only long-shafted Ad genomes are efficiently retained in the liver over time.
At 30 min p.i., short-and long-shafted Ad5/9 and Ad5/35 particles are localized to the liver sinusoids. To analyze in more detail the localization of Ad particles within the liver at 30 min p.i., we performed electon microscopy on ultrathin liver sections. Virus particles of both long-shafted and short-shafted vectors could be found in the sinusoids and the space of Disse (Fig. 3) , suggesting that all Ads are physically capable of reaching the hepatocyte surface.
Ad9 knob-possessing vectors can infect hepatocytes through CAR, but internalization for Ad5/9S is slower than that for Ad5/9L. To further corroborate the electron microscopy findings, we analyzed whether Ad particles were inside or outside liver cells within the first 30 min p.i. In these experiments, we focused on the binding to and uptake by hepatocytes of Ad particles. At 30 min after virus administration into the tail vein, the liver was perfused for 15 min with a trypsin-DNase solution to disrupt virus-receptor complexes and degrade noninternalized viral DNA. Hepatocytes were isolated by collagenase di- (B) At the indicated times after intravenous Ad injection, livers were recovered from mice and total DNA was purified as described in Materials and Methods. Ten micrograms of total DNA digested with HindIII enzyme was loaded on agarose gels along with serial threefold dilutions of standard (Ad5 genomic) DNA of a known concentration (Std). After transfer to Hybond Nϩ membranes, filters were hybridized with a mouse ␤-glucuronidase-specific probe to confirm equivalent loads (GUS). Subsequently, the membranes were stripped and rehybridized with an Ad-specific probe (Ad). The right panels show the quantification of vector genomes by PhosphorImager analysis (n ϭ 3); error bars indicate standard deviations. Note that the absolute amount of Ad DNA significantly decreased over time (compare the intensity of the Ad bands to the intensity of the standard bands). The control was DNA purified from the livers of mice injected with PBS only. Fig. 4C ; also see Materials and Methods). Total DNA isolated from purified hepatocytes was analyzed by quantitative Southern blotting. In hepatocytes obtained by collagenase perfusion (without prior trypsin digestion), the amounts of the Ad5/9L and Ad5/9S vectors were comparable (Fig. 4A, 30 min) . This finding was unexpected, considering that the infection of cultured cells in vitro was inefficient with short-shafted Ad5/9S due to electrostatic repulsion between the negatively charged particle and the cell surface (38) . We speculate that collagenase perfusion of the liver removes some negative charge from the surface of hepatocytes, facilitating infection with Ad5/9S through CAR. When the liver was perfused with trypsin before hepatocyte isolation, the amount of the short-shafted Ad5/9S vector associated with liver cells was significantly smaller than that of the long-shafted Ad5/9L vector. This finding suggests that trypsin, but not collagenase, treatment disrupted Ad5/9S-CAR complexes (and/or digested viral particles). Furthermore, the data indicate that although the initial attachment of both Ad9 knob-possessing vectors occurred with similar efficiencies, Ad5/9S required more time for internalization into cells.
To analyze whether the fates of Ad particles with different fiber shaft lengths internalized within infected hepatocytes differ, at 30 min after Ad infusion, hepatocytes were isolated by collagenase perfusion, plated on six-well plates, and cultured for 24 h. One set of cells was treated with acollagenase-DNase solution and another set was treated with a trypsin-DNase solution to remove all extracellular virus. Southern blot analysis of hepatocellular DNA showed similar amounts of Ad5/9L and Ad5/9S vector DNAs (Fig. 4A, 24-h time point) , indicating that differential intracellular degradation or retrograde transport (37) to the cell surface of Ad5/9S particles, compared to Ad5/9L particles, is not the primary mechanism for the removal of short-shafted vectors from liver cells by 24 h p.i. in our experimental settings. The presence of the same amounts of Ad5/9L and Ad5/9S genomes in hepatocytes (Fig. 4A, 24 -h time point) is in conflict with the transgene expression data shown in Fig. 2A . We speculated above that collagenase perfusion of livers (performed to obtain hepatocytes) allows for the binding of Ad5/9S to CAR and for subsequent uptake by hepatocytes. On the other hand, the transgene expression data were obtained at day 3 p.i. without collagenase treatment, a situation that might make CAR accessible to Ad5/9S binding.
Ad5/35S is unable to interact with hepatocellular receptors and is therefore not taken up by hepatocytes.
A similar analysis was performed with Ad35 knob-possessing vectors (Fig. 4B) . First, the presence of viral DNA was analyzed immediately after collagenase perfusion. As was seen with the Ad5/9L vector, collagenase perfusion did not affect the amount of the Ad5/35L vector, indicating that collagenase treatment did not interfere with Ad35 fiber knob binding to hepatocellular receptors. However, in contrast to the results obtained for Ad5/9, collagenase perfusion reduced the amount of short-shafted Ad5/35S associated with purified hepatocytes by more than 30-fold. This finding is not unexpected because, compared to Ad5/9S, Ad5/35S cannot interact with CAR and can be washed out from the liver. Preperfusion of the liver with a trypsinDNase solution prior to hepatocyte purification further reduced the amount of Ad5/35S vector DNA associated with purified hepatocytes. Since only a minimal amount of Ad5/35S vector genomes was associated with liver cells at 30 min p.i., the amount of Ad5/35S vector genomes associated with purified hepatocytes at 24 h p.i. was barely detectable. Taken together, these data demonstrate that although the amount of Ad5/35S genomes in the liver tissue was similar to that of Ad5/35L genomes (Fig. 2B, 30 min) , the short-shafted virus was unable to efficiently interact with cellular receptors for attachment and internalization and therefore was not associated with purified cells.
To further confirm that Ad particles can be internalized during the first 30 min p.i., we purified hepatocytes 15 and 30 min after Ad infusion. These cells were plated on six-well plates, and reporter gene expression (GFP expression for Ad5/9 vectors and ␤-galactosidase expression for Ad5/35 vectors) was analyzed 48 h later. For Ad5/9S and Ad5/9L, efficient hepatocyte transduction occurred within 15 min p.i. (Fig. 5A) . For Ad5/35L, 60% of cells purified at 15 min p.i. and more than 90% of cells purified at 30 min p.i. were positive for transgene expression (Fig. 5B) . In contrast, only a few hepa- (Fig. 6B) . Nonetheless, quantitative Southern blot analysis of Ad genomes accumulated in the liver tissue at 30 min p.i. demonstrated similar levels of Ad DNA in both normal and GdCl 3 -treated mice for the long-shafted Ad5/9L and Ad5/35L vectors (Fig. 6C) and the short-shafted Ad5/35S (Fig. 6C) and Ad5/9S (data not shown) vectors.
In conclusion, from the finding that the accumulation of both long-shafted and short-shafted vectors in the liver occurred at similar levels ( Fig. 3 and 4) , one can conclude that Kupffer cells are not the major reservoir for intravenously injected Ad in liver tissue.
Short-shafted Ads induce less cytokine gene expression in liver cells after systemic application. The intravenous administration of Ad results in the initiation of strong innate immune responses in animals and humans (29) . To evaluate whether efficient liver cell infection is required for the initiation of innate and inflammatory responses, we analyzed levels of hepatic cytokine and chemokine gene transcription as well as levels of proinflammatory cytokines and ALT in serum after intravenous Ad administration. These analyses revealed that the mRNA levels for most of the genes analyzed at 30 min after virus administration were significantly lower for short- shafted vectors than for their long-shafted counterparts (Fig. 7,  30 min) . Among all analyzed genes, the transcription levels for the IL-1␣, IL-1␤, and MIP-2 genes were highest shortly after long-shafted Ad5/35L vector administration. Notably, Ad5/35L was more efficiently taken up by Kupffer cells than the other Ads (Fig. 6A) . In particular, the levels of IL-1␣ increased by 20-fold and the levels of MIP-2 increased by more than 25-fold for Ad5/35L compared to preinjection levels. Although the upregulation of IL-1␣ gene transcription in the liver after the administration of the Ad5/9L vector was similar to that seen with the Ad5/35L vector, the levels of MIP-2 mRNA were significantly lower with Ad5/9L vector application than with Ad5/35L vector application. Nonetheless, the majority of the genes analyzed were strongly upregulated after injection of the long-shafted Ad5/9L vector, compared to its short-shafted counterpart. Clearly, the delineation of pathways activated upon Ad uptake requires further investigation. Importantly for Ad5/35S, the mRNA levels for IL-1␣ were only slightly elevated and those for MIP-2 were nearly unchanged compared to preinjection levels. Notably, MIP-2 was suggested to be the primary chemokine responsible for the attraction of neutrophils to the liver, an event which subsequently causes liver damage (20) . The low levels of MIP-2 chemokine gene expression after the administration of the Ad5/35S and Ad5/9L vectors demonstrate that efficient infection of Kupffer cells most likely is required for its upregulation.
Significant upregulation of interferon gamma-inducible protein-10 (IP-10) and T-cell activation gene-3 (TCA-3) chemokine mRNA levels (more than 300-fold above the baseline) at 6 h p.i. did not depend on the length of the Ad fiber shaft domain or the nature of the fiber knob domain. The delayed upregulation (6 or 24 h) of these genes in the liver may have more complex mechanisms, potentially involving factors secreted from the spleen, peripheral blood mononuclear cells, and/or cells in the lymph node upon Ad infection, and apparently does not require efficient liver cell transduction.
Levels in serum of TNF-␣, IL-6, and ALT are higher for long-shafted Ads. Analysis of serum cytokine levels revealed that for all analyzed proteins, peak levels were seen at 6 h p.i. (Fig. 8) . Importantly, the levels of TNF-␣ and IL-6 were significantly higher for long-shafted vectors than for their shortshafted counterparts. The levels of IFN-␥ and monocyte chemoattractant protein 1 were higher for the Ad5/9L vector than for its short-shafted counterpart and were not significantly different between long-and short-shafted Ad35 knob-possessing vectors.
The assessment of the overall hepatotoxicity at 24 h after intravenous virus administration by measurement of serum ALT levels revealed that the highest degree of hepatic injury was observed after injection of long-shafted Ads. The serum ALT levels observed after administration of short-shafted vectors were only slightly elevated above preinjection levels, demonstrating that viruses which are inefficient at infecting liver cells (and potentially cells in other organs) are also unable to induce hepatocellular damage.
DISCUSSION
In this study, we used Ad vectors with modified fibers to understand the morphological structures and mechanisms that govern the early accumulation of Ad in the liver. The Ad vectors varied in two fiber domains that have been found to determine the specificity and efficacy of Ad infection, the fiber shaft and the fiber knob (28, 31, 38, 47, 53) . The fiber knob largely determines Ad tropism. Here we used the Ad9 knob, known to bind to CAR, and the Ad35 knob, which binds CD46. Efficient infection in vitro through CAR requires a long, flexible shaft (38, 42, 47, 53) , whereas the efficiency of infection through CD46 seems to be independent of the fiber shaft length.
Within 30 min after tail vein injection, all vectors, independent of the nature of the fiber knob or shaft, accumulated equally efficiently in the liver sinusoids. However, the amount of viral genomes and the number of transgene-expressing hepatocytes were more than 10-fold lower for the short-shafted vectors (Ad5/9S and Ad5/35S) at 24 h p.i. than for their longshafted counterparts. These data are consistent with a recent study of long-and short-shafted Ad5/40 vectors by Nakamura et al. (28) . They also found no significant differences in the amounts of viral DNA between CAR-binding and non-CARbinding Ad vectors in the liver, corroborating the notion that through HSPGs in vivo (42). Shayakhmetov et al. have found an additional pathway which appears to dominate both the CAR and the shaft motif pathways (39) . When a liver is perfused with Ad without blood, only minimal hepatocyte transduction is seen with a KKTK shaft motif-containing, non-CAR-interacting Ad5/35L vector, whereas transduction with a CAR-interacting Ad5L vector is not significantly decreased (39) . The latter finding argues against the hypotheses that CAR is not accessible in the liver in vivo and that direct KKTK shaft motif binding to HSPGs is the primary pathway of liver cell infection in vivo. Short-shafted Ads are unable to infect liver cells through CAR, through the KKTK shaft motif, or through blood factors. Due to these features, they are not taken up by liver cells and are probably degraded within the sinusoids. Importantly, shortshafted Ads did not cause innate toxicity in mice and therefore might represent a useful scaffold for the insertion of targeting ligands. However, when using short-shafted fibers, one must consider that certain ligand-receptor interactions require long fiber shafts. For example, the CAR-knob interaction is not efficient with short fiber shafts, likely because of either steric hindrances that affect the interaction with CAR and/or integrins or repulsion between negative charges on the virion and the cell surface (28, 38, 47, 53) . Theoretically, receptors for short-shafted Ads should protrude over the glycocalyx or should be internal (without the requirement of binding secondary receptors, such as integrins). A natural receptor for short-shafted group B Ads is CD46 (8) . CD46 is overexpresssed on important target cells for gene therapy, including tumor cells (10, 14, 26, 45) and potential hematopoietic stem cells (7, 22) , and vectors that target CD46 are becoming useful tools for gene therapy. Both chimeric Ad5 vectors with E1 deleted but possessing Ad35 fibers (9, 25, 30, 32, 36, 40, 48) and vectors completely derived from Ad35 have been developed, and the generation of helper-dependent Ad35 or other group B Ad vectors is in progress (44) . As shown in this study, in addition to the useful tropism, Ad35 fiber-possessing Ad vectors avoid liver sequestration and innate toxicity. Furthermore, there is a low serum prevalence of neutralizing antibodies against Ad35 in healthy individuals in different parts of the world (48) .
To further prove that Ad35 fiber-containing vectors are safer than Ad5 vectors, studies with transgenic mice that express CD46 in a pattern that mimics that in humans (13) must be conducted. Preliminary data indicate that the amount of Ad5/35 vector DNA in the liver of CD46-transgenic mice is ϳ10 times lower than that of Ad5 vector DNA after systemic vector application (8) .
Kupffer cells account for 80 to 90% of resident macrophages in the entire body (3) and, after systemic administration, efficiently take up Ad particles. The mechanisms of Ad uptake and subsequent Kupffer cell activation are a matter of intense investigation. This study and others (20) have established that Ad uptake by Kupffer cells is CAR independent. The contribution of the KKTK shaft motif and/or blood factors remains to be shown. Furthermore, in preimmunized animals, Ad-antibody complexes may be taken up by Kupffer cells through Fc receptors. In this context, it is notable that, when high Ad doses were used in preimmunized nonhuman primates, new toxic effects that were not observed in naive animals were found (46) .
As outlined earlier, at doses usually used to achieve efficient transgene expression in target cells (i.e., Ͼ2 ϫ 10 9 PFU/mouse for the transduction of hepatocytes or tumor cells in tumor models), the Kupffer cell system becomes saturated and virus disseminates and infects other cell types. Furthermore, our data and data obtained by Liu et al. (20) demonstrate that in Kupffer cell-depleted animals, the amount of viral DNA found in the liver early after injection (30 min) is not significantly decreased, indicating that although Kupffer cells efficiently take up Ad, they are not a major reservoir of Ad in the liver. It seems that the majority of virus remains in the liver sinusoids. Schiedner et al. (33) suggested recently that the activation of Kupffer cells within minutes after Ad injection results in the release of factors which, in turn, activate endothelial cells. These events are associated with thickening of the endothelium, presumably leading to a change in fenestration size. One could speculate that this effect might cause a blockage of transendothelial Ad transport, resulting in Ad particles being retained inside the sinusoids or the space of Disse. This situation would subject vector particles to increased clearance from the liver by the bloodstream and circulating innate effector cells (32) . Arguing against this model is the recent finding that although short-shafted Ad5/35 vectors did not infect mouse tissue and were not taken up by Kupffer cells, they did not transduce liver metastases derived from CD46-positive human tumor cells more efficiently than nontargeted Ad5 vectors (4). This finding indicates that the mechanisms that govern transendothelial transport of Ad particles are more complex. For example, the shafts of Ad5/35S (which lacks a shaft domain that confers flexibility in Ad5) might not be flexible enough to pass through the endothelial fenestrae. Furthermore, it is possible that Ad, while inside the sinusoids, must contact its cellular receptors through the fiber and is then actively pulled through the fenestrae. Apparently, Ad transendothelial transport is facilitated by the long fiber shaft.
First-generation Ads induced a biphasic pattern of inflammatory cytokine gene expression in the liver after systemic Ad injection. A first peak is seen at about 6 h p.i. and is associated with virus uptake. A second peak appears at day 4 or 5 p.i. and is associated with viral gene expression (19) . Considering the relatively low capacity of Kupffer cells to take up Ad, the question arises as to what other cytokine-producing cell types interact with Ad. Studies by Lui et al. (20) showed that RGD mutants induced less E-selectin and VCAM-1 gene expression in the liver, indicating that Ad infects endothelial cells through integrins, which lead to their activation. Furthermore, peripheral blood leukocytes that infiltrate the liver upon Ad injection may interact with Ad vectors, resulting in cytokine expression. The induction of IL-6, granulocyte-macrophage colony-stimulating factor, and a panel of chemokines upon Ad interaction with peripheral blood cells has been reported (11) . Clearly, in situ hybridization or in situ reverse transcription-PCR for cytokine mRNA in liver sections will help to delineate the relative contributions of different cell types in hepatic cytokine expression.
The finding that short-shafted Ads do not cause cytokine expression and release or hepatotoxicity provides a rationale to use these vectors for targeting purposes. We have also shown VOL. 78, 2004 Ad SEQUESTRATION IN THE LIVER 5379 on July 9, 2017 by guest http://jvi.asm.org/ that short-shafted Ads are a useful tool for analyzing the mechanisms involved in Ad liver sequestration. Clearly, more studies are required to delineate the precise molecular mechanisms of Ad clearance from the liver.
